Transcription of a right-handed double-helical DNA requires a relative rotation of the RNA polymerase and its nascent RNA around the DNA. We describe conditions under which the resistance to the rotational motion of the transcription ensemble around the DNA can be large. In such cases, the advancing polymerase generates positive supercoils in the DNA template ahead of it and negative supercoils behind it. Mutual annihilation of the positively and negatively supercoiled regions may be prevented by anchoring points on the DNA to a large structure, or, in the case of an unanchored plasmid, by the presence of two oppositely oriented transcription units. In prokaryotes, DNA topoisomerase I preferentially removes negative supercoils and DNA gyrase (topoisomerase II) removes positive ones. Our model thus provides an explanation for the experimentally observed high degree of negative or positive supercoiling of intracellular pBR322 DNA when DNA topoisomerase I or gyrase is respectively inhibited. We discuss the implications of our model in terms of supercoiling regulation, DNA conformational transitions, and gene regulation in both prokaryotes and eukaryotes.
Plausible effects of transcription on the dynamics of the template DNA have been recognized for some time. Maal0e and Kjeldgaard (1) pointed out that as transcription proceeded along the helical template, it might be difficult for the RNA polymerase and its nascent RNA chain to turn around the DNA; thus the DNA might turn around its axis instead as the transcription apparatus tracks along.
With the discovery of Escherichia coli DNA topoisomerase I, the possible requirement of a transcriptional "swivel" in the DNA was again raised (2) . Such a swivel would allow a segment of the DNA being actively transcribed to rotate without turning the entire DNA molecule around its axis. Indirect evidence favoring such a possibility includes the finding that eukaryotic DNA topoisomerase I is often found to be associated with transcriptionally active genes (3) (4) (5) (6) .
Whereas the possibility of turning the DNA during transcription is well-recognized, transcription is rarely viewed as a force that might actively supercoil DNA. Only special cases, in which the polymerase is interacting with a DNAbound regulatory protein, or when both the polymerase and the DNA are anchored on a cellular structure, have been considered in terms of DNA supercoiling driven by transcription (7, 8) . In this communication, we describe several cases in which transcription may lead to DNA supercoiling. We believe that the concepts presented here can explain a number of observations in the literature that have not been adequately interpreted. These and other implications of template supercoiling by transcription are discussed.
THEORY AND MODELS
Basic Considerations. Fig. 1 illustrates the basic mechanics of transcription. An RNA polymerase, together with its nascent RNA and RNA-bound proteins (ribosomes and newly synthesized proteins in prokaryotes and ribonucleoprotein complexes in eukaryotes), are tracking along a right-handed double-helical DNA segment with its ends anchored on a cellular structure. The DNA segment is thus a loop topologically and is a reasonable representation of a chromosomal loop. We consider first the case in which no topoisomerase is present and the DNA is relaxed at t0 ( Fig.  1 a and b) . For simplicity, we assume further that at to it is much easier to rotate the DNA around its helical axis than to rotate the transcription apparatus R (including the polymerase, RNA, and RNA-bound proteins) around the DNA. Thus as R advances, the DNA in front of it becomes positively supercoiled, whereas the DNA behind it becomes negatively supercoiled (Fig. 1c) . As the degree of supercoiling builds up, however, it becomes increasingly difficult to turn the DNA. A point is therefore reached at time t when R must rotate around the DNA. The system reaches a balanced point when the frictional torque on R is equal to the supercoiling torque in the DNA.
We show in the Appendix that the supercoiling torque rs is There are also several situations that may greatly increase the effective frictional torque: (i) Any part of the transcribing polymerase and macromolecules associated with it is attached to a large cellular structure. This situation is similar to the case discussed previously (7, 8) for the anchoring of the polymerase. In prokaryotes, a case of particular interest is the transcription of genes encoding membrane proteins. As transcription and translation are coupled in prokaryotes, anchoring of the N-terminal portion of a newly-synthesized peptide chain would force the rotation of the DNA to a much higher degree of supercoiling. (ii) Any part of the transcribing polymerase and macromolecules associated with it interacts with a site on the DNA in addition to the site at which RNA chain synthesis occurs. This is again similar to the case Abbreviation: R, transcription ensemble including RNA polymerase, nascent RNA, and RNA-bound protein.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (10) in the absence of single-stranded regions (11) . DNA gyrase, on the other hand, negatively supercoils DNA in the presence of ATP (12, 13 (16, 17) , and was invoked again for the action of the Eco R-K type I restriction enzyme (18) . The possibility of localized supercoiling by a tracking process was also recognized (19) .
The unique feature of the model is the simultaneous generation of positively and negatively supercoiled regions. In prokaryotes, the existence of two diametric topoisomerases, one (DNA topoisomerase I) that cannot relax positively supercoiled loops and the other (gyrase) that cannot relax negatively supercoiled ones, has set the stage for differential effects of topoisomerase mutants on the degree of supercoiling of intracellular DNAs. We discuss below our interpretations of some of the puzzling observations in the literature.
Effects of Inactivation of a DNA Topoisomerase on the Degree of Supercoiling of Intracellular DNAs. The generally accepted picture on the regulation of DNA supercoiling in prokaryotes is that there is a dynamic balance between the actions of DNA topoisomerase I and DNA gyrase (13, 15) .
Several observations are, however, difficult to explain based on this mechanism.
First, Lockshon and Morris (20) showed that a significant fraction of the plasmid pBR322 isolated from E. coli cells .bc.cc.
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Biochemistry: Liu and Wang after inhibition of gyrase by drugs is positively supercoiled. Although binding of catalytically inactive gyrase to DNA can increase the linking number of the DNA when it is relaxed, the effect is a small one and amounts to <1 supercoil per bound gyrase (13, 17) . The degree of positive supercoiling observed in the experiments of Lockshon and Morris was high; 20 or more positive supercoils per plasmid were observed. Second, in E. coli topA mutants, but not in its wild-type control, pBR322 was found to be much more negatively supercoiled than its derivatives, missing various regions in a segment encoding resistance against tetracycline (21, 22) . It is particularly striking that inactivation of the tet promoter of the plasmid is sufficient to abolish the high degree of negative supercoiling of the plasmid in topA mutants.
These results can be explained by the model that the transcription process under certain conditions is contributing significantly to, or may even dominate, the steady-state level of supercoiling. Because the model involves the simultaneous generation of positively and negatively supercoiled loops, inhibition of gyrase in a topA' strain would yield positively supercoiled molecules; the functional topoisomerase can only relax the negatively supercoiled loop. Similarly, in a topA strain a negatively supercoiled region would not be relaxed effectively. The experiments of Pruss and Drlica (21, 22) provided strong evidence that the higher degree of negative supercoiling of pBR322 in a topA mutant compared with some of its derivatives is related to transcription. As we have described in the earlier sections, a number of conditions could lead to significant template supercoiling by transcription. Further experiments are needed to determine whether it is the tet gene in particular, or the divergent transcription of the ,8-lactamase gene and the tet gene on pBR322, that sets apart pBR322 from its derivatives that lack parts of the tetracycline-resistance transcription unit. We favor the latter possibility.
Rate Considerations. In E. coli, there are of the order of 500 gyrase molecules per cell (13) , which comes to an average of 1 gyrase per 6 kilobases (kb) of DNA. Therefore, on a plasmid the size of pBR322, there is -1 gyrase molecule per plasmid. The turnover number of gyrase has been estimated to be 0.5-1 supercoils per sec (23) (24) (25) . Thus the rate of removal of positive supercoils on a small plasmid by gyrase is of the order of 0.5-1 supercoils per sec. This rate is rather slow. As described in the Appendix, if the effective frictional torque on the transcription ensemble is large, positive and negative supercoils are generated at a rate of four each per sec per transcript. Thus even in topA+ gyr+ strains, transcription may significantly affect the degree of supercoiling of regions of intracellular DNA. The turnover number of DNA topoisomerase I has not been measured, but it is known to be strongly dependent on the degree of negative supercoiling and on temperature (10) . Similarly, no reliable estimates can be made for the eukaryotic topoisomerases in vivo.
Biological Implications. The twin transcriptional-loop model has a number of implications. As discussed in the two sections above, under a number of conditions transcription might be an important determinant of the steady-state degree of supercoiling of intracellular DNA. Our model also suggests that because of the presence of multiple domains of different degrees and signs of supercoiling in an intracellular DNA ring or loop, the average degree of supercoiling of the entire DNA ring or loop, which can be determined by linking number measurements or titrations with intercalating dyes, may not be an adequate indicator of the topological state of DNA in vivo.
Whereas the differential actions of bacterial topoisomerase I and gyrase make it ideal to test the twin transcriptional-loop model in prokaryotes, the basic concepts are valid in both prokaryotes and eukaryotes.
Localized supercoiling of DNA by transcription and, perhaps, by other tracking processes may extend the range of the degree of supercoiling of intracellular DNA that may be utilized to drive structural transitions. Sequences that can assume helical forms that differ from the canonical Bstructure, including alternating purine-pyrimidine and oligopurine-oligopyrimidine stretches, are often present in the regulatory regions of genes (see, for example, ref. 26 and the references therein).
Finally, the twin transcriptional-loop model raises the possibility that the process of transcription may affect a distal point in cis through template supercoiling. For example, through such a mechanism the transcription of a gene may activate or deactivate an adjacent gene. Further experimentation is needed to test the validity of the various implications. The basic concept that transcription is one of the determinants of the topological state of DNA in vivo is, however, likely to be correct.
APPENDIX
Estimation of the Magnitudes of the Supercoiling and Frictional Torques in a Dilute Aqueous Solution. Imagine that one end of a DNA segment N base pairs (bp) in size is anchored on a wall and the other end is being turned. We define the linking number a of the DNA at any time as the linking number of the ring formed by joining the appropriate ends of the segment without rotating them appreciably around the helix axis. When the DNA is in its most stable structure, a = ao = N/ho, where ho is 10.5 bp, the number of bp per DNA helical turn in solution (27) (28) (29) (30) (31) . As one end is being turned, a changes and the segment becomes supercoiled. The free energy AG, of supercoiling (32-36) is:
[2]
The supercoiling torque rs is the change in this free energy when the end is turned by 1 radian:
F, = dAG/d(2ira) = K(a -a')/7r [3] When N is larger than 2000 bp, K is -1100 RT/N (36) and F, = 1100 RT(a -a°)rN = 1100 RT(a -a0)/10.57ra' = 33 RT(a -a')/a0 = 33 RTo,
[41 where or is defined as (a -a')/a' and is termed the specific linking difference, or superhelical density (19, 37) . In the model considered in the paper, a positively supercoiled domain with a specific linking difference or+ and a negatively supercoiled domain with a specific linking difference oa are generated. We also change IF, the torque for one mole of molecules, to r,, the supercoiling torque for one molecule, by changing the gas constant R to the Boltzmann constant k:
T. = 33 kT(lr+j| + lao-I) [5] The absolute values of the specific linking differences are used in Eq. 5 to avoid the need of keeping track of their signs.
Eq. 5 is Eq. 1.
The rotational frictional coefficient fr of a DNA was considered in Meselson (38) , in whichfr is taken to be that of Proc. Natl. Acad. Sci. USA 84 (1987) Proc. Natl. Acad. Sci. USA 84 (1987) 7027 a cylinder of a radius r of 10 A: fr = 4irr2Lq7 = 4V17 [6] where L is the length, q7 the solvent viscosity, and V the hydrated volume. At the maximal rate of transcription, RNA is being synthesized at a rate of 40 nucleotides/sec, and therefore the DNA needs to be turned at an angular velocity w of 4 turns per sec, or 8ir rad sec-1. The frictional torque rs is therefore TS = wfr = 32rV7) [7] In a dilute aqueous solution, q = 0.01 dyne sec/cm2, and Ts is readily estimated to be 10-17 to 10-16 dyne cm for DNAs with sizes between 10 and 100 kb, the size of a typical large plasmid or a chromosomal loop. Nucleosome formation along the DNA does not change V very much, and the frictional torque is not grossly altered. For rotating the transcription ensemble, E. coli RNA polymerase has a hydrated volume _10-18 cm3, and a sphere of this size turning at an angular velocity of 8ir rad sec' is readily calculated to be 8X-6X10-18.71 or about 10-18 dyne cm in a dilute aqueous solution. When RNA is being synthesized, a nascent RNA 1000 nucleotides in length can stretch to a distance as far as 5000 A. The average dimension, however, is expected to be much smaller, and a reasonable guess of the average location of a ribosome or a ribonucleoprotein particle would be of the order of 200 A from the helical axis of the DNA. We approximate a ribosome by a sphere of a radius of 100 A and, thus, a translational friction coefficient of about 2-10-7 dyne sec/cm in a dilute aqueous solution. The frictional force on the particle is 200-10-18f210-7, or 10-11 dyne. The corresponding torque is 10-11.200.10-8 or 2-10-17 dyne cm. This term is also small. For a very long transcript, such as 20 ribosomes dotted along the message with an average distance of 1000 A, the frictional torque is estimated as -5 x 10-15 dyne cm, which would give a fairly significant sum (Io-+, + Io,_I) of -0.003.
